Abstract. Synthesis and storage of the thyroid hormone precursor, thyroglobulin (TG), occurs within the follicular lumen of the thyroid and the TG is then absorbed into cells for further processing before release into the blood. However, the mechanism of energy metabolism in the follicular lumen of the thyroid remains unknown. In the present study, the three dimensional structure of thyroid follicles was constructed using a primary culture of swine cells and the follicular protein was identified via matrix-assisted laser desorption/ionization-time of flight mass spectrometry. Three glycolysis-associated enzymes, enolase, pyruvate kinase and phosphoglyceraldehyde dehydrogenase were identified in addition to TG. These results support the hypothesis that anaerobic glycolysis of glucose exists in the follicle and supports energy consumption for hormone synthesis.
Introduction
The thyroid follicle, which is the fundamental unit of the thyroid, consists of polarized thyroid cells. The synthesis and secretion of thyroid hormone depends on the integrity of the thyroid follicular structure, as well as the uptake of iodine (1, 2) . The follicular lumen is an enclosed cavity, where the intermediate processes of thyroid hormone synthesis, such as iodine activation and iodination of thyroglobulin (TG) take place. However, under anaerobic conditions, synthesis is completed outside the cells. Currently, the energy source supporting follicular hormone synthesis is unknown.
In the present study, the three dimensional structure of the follicle was constructed in vitro using a primary culture of swine thyroid cells and the protein was extracted from the follicular lumen (3) . Proteomics analysis was subsequently conducted to identify the unknown follicular lumen proteins that were associated with energy metabolism. The aim of the study was to improve the understanding of the mechanism of energy metabolism in the follicular lumen.
Materials and methods
Preparation of the thyroid monolayer and three-dimensional cell culture. Adult swine were maintained in Qingyuan Farm (Quanzhou, China). The present study was approved by the ethics committee of the Second Affiliated Hospital of Fujian Medical University (Fujian, China). Two adult swine were sacrificed by carotid artery bleeding and the thyroid gland was removed immediately. Subsequent to serial washing with milli-Q water, 75% ethanol, and sterilized phosphate-buffered saline (PBS; Thermo Fisher Scientific, Inc., Shanghai, China), the capsule and overlaying tissues were peeled away. The remaining thyroid tissue was minced into 1-mm 3 sections. Following digestion with 0.125% trypsin (Thermo Fisher Scientific, Inc.) for 30 min at room temperature and filtering through a mesh sieve (size, 200; BD Biosciences, Shanghai, China), the cell suspension was inoculated in 6-well plates, and maintained in a 37˚C incubator (5% CO 2 ) in Dulbecco's modified Eagle's medium and Ham's F-12 medium (Thermo Fisher Scientific, Inc.) consisting of 1 mU/ml thyroid-stimulating hormone, 0.05% NaI and 10% fetal bovine serum (Thermo Fisher Scientific, Inc.). For construction of the three-dimensional thyroid follicle, the cells were seeded at a density of 2x10 6 cells/ml, and the thyroid follicle was formed three days after inoculation (Fig. 1A-D) .
Extraction of thyroid follicular lumen and intracellular proteins. The follicular lumen protein was prepared as follows: After aspiration of the culture medium from the culture plate, the three-dimensional thyroid cells were gently washed, twice, with pre-cooled PBS, followed by incubation with 0.02% EDTA for 5 min at room temperature. EDTA loosened the thyroid structure. After removing the EDTA solution, the thyroid structure was mechanically deconstructed using 100 µl PBS and the protein was released from the follicular lumen. The follicular lumen protein concentration was diluted to a similar concentration to thyroid intracellular protein using bovine serum albumin (BSA). For preparing the intracellular protein, the solution was centrifuged at 12,000 x g for 5 min
Glycolysis-associated enzymes existing in the follicular lumen of the thyroid may interfere with energy metabolism at 4˚C and the supernatant was aliquoted. The cell pellet was lysed using RIPA buffer (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and centrifuged at 12,000 x g for 10 min at 4˚C to harvest the intracellular protein. The protein concentration was determined using a Micro BCA Protein Assay kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions.
SDS-PAGE electrophoresis and matrix assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF) analysis.
For SDS-PAGE electrophoresis, 20 µg protein was loaded and separated on 4 or 12% polyacrylamide gels according to the standard protocol. After running for 1 h at 120 V, the gel was stained with Coomassie Brilliant Blue. The protein bands that were differentially expressed and highly overexpressed in the follicular lumen were sliced from the gel and digested using 12.5 ng/µl trypsin in 50 mmol/l ammonium bicarbonate (pH 8.0). Following digestion, the samples were eluted with 2 µl matrix solution containing 10 mg/m α cyano-4-hydroxycinnamic acid, and submitted to Bruker III MALDI-TOF mass spectrometry. The trypsin autolysis products were used for calibration by flexAnalysis software (version 2.4; Bruker, Coventry, UK) and searched against the SWISS-PROT (http://www.uniprot.org/) and NCBI database (http://www.ncbi.nlm.nih.gov/) using the MASCOT tool from Matrix Science (http://www.matrixscience.com/) with a 50 ppm mass tolerance.
Imaging of monolayer thyroid cells and follicular lumen.
Primary thyroid cells were isolated as described above. Then 6x10 6 cells per well were inoculated into 6-well plates for reconstructing the three dimensional structure and 6x10 5 cells per well for monolayer cells. After continuous cultivation, cells growing in a monolayer fashion were visualized and photographed under a normal inverted optical microscope. For laser confocal microscopy, the cells forming the follicular lumen were gently rinsed with PBS twice followed by incubation with fluorophore-conjugated anti-TG (Novus Biologicals LLC, Littleton, CO, USA) for 1 h at room temperature. After three washes with PBS, the cells were visualized under a laser confocal microscope.
Statistical analysis. Statistical significance was determined using the one-way analysis of variance (SPSS 18.0; SPSS, Inc., Chicago, IL, USA). The results were expressed as means ± standard error of the mean and P<0.05 was considered to indicate a statistically significant difference.
Results

Gel analysis of the thyroid intracellular and follicular lumen proteins.
In order to visualize the abundance of proteins, the intracellular protein and follicular lumen proteins were separated by SDS-PAGE (4 and 12%) according to standard procedures, using the total proteins that were extracted from the thyroid epithelial cells with RIPA buffer. Equal quantities of total protein were loaded into each lane. After staining with Coomassie Brilliant Blue, certain follicular lumen proteins were observed to be differentially expressed compared with the control intracellular proteins. These are demonstrated in Fig. 2A and B.
Identification of differentially expressed proteins by mass spectrometry. Five protein bands were excised and digested with trypsin, then identified by mass spectrometry. The identified proteins, TG, enolase, pyruvate kinase and phosphoglyceraldehyde dehydrogenase are presented in Table I .
Discussion
The thyroid follicle is the fundamental unit of the thyroid gland with round or elliptical shaped cells that are 20-900 µm in diameter. Monolayer follicular endothelial cells aggregate to form a lumen, which is filled with TG (2,4). TG is considered to be the carrier for thyroid hormone synthesis. The biosynthesis of thyroid hormone is a process of chemical modification of TG (5, 6) . Follicular endothelial cells transport TG and iodine into the follicular lumen and partial tyrosine in TG is catalyzed to 3-monoiodotyrosine (MIT) and 3,5-diiodotyrosine (DIT) in the apical membrane surface in the lumen by thyroid peroxidase. MIT or DIT further couple with DIT to create triiodothyronine (T3) and thyroxine (T4). TG resides in the lumen carrying the newly synthesized T3 and T4, which must be trafficked back to thyroid follicular epithelial cells for further processing prior to the release of T3 and T4 (7). The process includes the uptake of TG, degradation of iodinated TG and release of thyroid hormones. Therefore, the physiological features of thyroid follicular epithelial cells are that the synthesis and storage of thyroid hormones are conducted within the follicular lumen and are absorbed into cells for further processing before being released into the blood (8-10), which is distinct from other endocrine cells that preserve the hormone intracellularly. Thus, the follicular lumen is where thyroid hormone synthesis is performed. All these steps, including TG synthesis and transportation, and iodine uptake, consume ATP (11, 12) ; however, the mechanism by which ATP is generated in the follicular lumen remains unknown.
As an extracellular structure, the thyroid follicular lumen is isolated from the blood and cannot access oxygen support; therefore, it is proposed that the energy supply in the lumen is via anaerobic glycolysis, and that anaerobic glycolysis-associated enzymes must exist in the lumen. To analyze this hypothesis, the follicular lumen was constructed using a primary culture of swine thyroid cells in the present study. In addition, the soluble protein was extracted from the lumen and SDS-PAGE was performed to separate the follicular lumen Following electrophoresis, five follicle-specific proteins were identified by MALDI-TOF mass spectrometry. The band with 60 kDa MW was BSA, and the other bands were swine TG, enolase, pyruvate kinase and phosphoglyceraldehyde dehydrogenase. Among these five proteins, BSA served as a positive control protein that was artificially supplemented, swine TG was previously shown to be present in the follicular lumen, and the other three proteins were key glycolysis-associated enzymes, which have previously been identified to be critical in anaerobic glycolysis of glucose (13) (14) (15) .
In conclusion, anaerobic glycolysis of glucose commonly occurs in the cytoplasm and is the major energy source when cells are subjected to hypoxia (16) (17) (18) . The present study demonstrated that these glycolysis-associated enzymes, enolase, pyruvate kinase and phosphoglyceraldehyde dehydrogenase exist in the follicular lumen; however, their roles in the lumen remain undefined, and further investigation is required to establish whether anaerobic glycolysis of glucose also occurs in the follicular lumen and supports the energy consumption for hormone synthesis.
